ϩ by N-methyl-D-glucamine abolished the inward current (n ϭ 6), indicating that Na ϩ is a major charge carrier. The broad-spectrum ASIC blocker amiloride (20 M) inhibited proton-induced currents to 16.5 Ϯ 8.7% of control (n ϭ 6, pH6.0). Psalmotoxin 1 (PcTx1), an ASIC1a inhibitor and ASIC1b activator, had mixed effects: PcTx1 either 1) abolished H ϩ -induced currents (11% of VSMCs, 5/45), 2) enhanced or promoted activation of H ϩ -induced currents (76%, 34/45), or 3) failed to promote H ϩ activation in nonresponsive VSMCs (13%, 6/45). These findings suggest that freshly dissociated cerebral artery VSMCs express ASIC-like channels, which are predominantly formed by ASIC1b.
amiloride; proton; acid-sensing ion channel ACID-SENSING ION CHANNEL (ASIC) proteins are members of the degenerin/epithelial sodium (Na ϩ ) channel (Deg/ENaC) family (3, 20, 25, 28) . A signature feature of ASIC channels is activation by extracellular protons/acidosis and inhibition by the diuretic amiloride (3, 20, 25, 28) . Because of their characteristic H ϩ gating, ASIC channels have been considered to act as chemosensors responding to extracellular acidosis in peripheral neurons, central neurons, glomus cells, and taste cells (3, 20, 25, 28) . ASIC channels are also closely related to the mechanosensory degenerin proteins in the nematode Caenorhabditis elegans and are required for normal function of specific populations of mechanosensitive sensory neurons in mice. Thus, certain ASIC proteins are thought to act as mechanosensors in mammals. ASIC channels are predominantly expressed in neurons and sensory epithelia; however, recent studies suggest that ASIC proteins are expressed in vascular smooth muscle cells (VSMCs) where they regulate VSMC migration in response to chemical and wounding stimuli and influence vascular tone by mediating pressure-induced constriction in cerebral vessels (11, 12, 15, 17) .
ASIC channels, and other members of the Deg/ENaC family, share a common structure: intracellular NH 2 and COOH termini separated by two membrane-spanning domains and a large extracellular domain (3, 20, 25, 28) . At least three different genes encode ASIC proteins ASIC1-ASIC3. ASIC1 and ASIC2 have splice variants, a and b. ASIC proteins merge to form homo-and heteromeric channels that predominately conduct Na ϩ but are also permeable to Ca 2ϩ , Li ϩ , K ϩ , and H ϩ (3, 20, 25, 28) . In addition to gating by extracellular protons, ASIC currents are characterized by a quickly inactivating transient followed by a slower inactivating sustained current, of varying magnitude. Sensitivity to pH and psalmotoxin 1 (PcTx1, a tarantula venom toxin) are features that distinguish certain ASIC channels. For example, in the mouse, ASIC2a homomeric channels are activated at a lower pH (pH 0.5 ϭ 4.9) compared with ASIC1a (pH 0.5 ϭ 6.8), ASIC3 (pH 0.5 ϭ 6.6), and ASIC heteromers (pH 0.5 ϭ 6.1-6.4) (4, 28) . ASIC1a and ASIC1b channels are identified by their inhibition and activation responses to PcTx1 (8) . Thus, pH gating and PcTx1 sensitivity can help narrow the identity of ASIC channels. While functional evidence supports a role for ASIC channels in VSMCs, electrophysiological evidence of these channels is lacking. Therefore, the goal of the present study was to demonstrate ASIC-like currents in freshly isolated VSMCs using conventional patch-clamp technique. We examined the effect of acidic external solutions with pH ranging from 7.0 to 5.0 on endogenous whole cell membrane currents in enzymatically dissociated murine cerebral artery VSMCs. The results of this study demonstrate that extracellular acidosis induces inward currents in a population of the cerebral VSMCs. These currents are induced by pH at or below 6.5 and are mainly carried by Na ϩ . All H ϩ -gated currents were inhibited by 20 M amiloride. Seventy-six percent of the H ϩ -gated currents were enhanced or promoted by PcTx1, an ASIC1b activator. Our findings suggest that cerebral VSMCs contain ASIC-like channels, predominantly formed by ASIC1b.
METHODS
All protocols and procedures used in this study were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Mississippi Medical Center.
Preparation of VSMCs. C57BL6 mice (6 -12 wk of age, Jackson Laboratory, Bar Harbor, ME) were anesthetized with isoflurane and immediately decapitated. Cerebral arteries were dissected from the brain and collected into an ice-cold cell isolation solution containing (in mM) 142 NaCl, 5 KCl, 0.1 CaCl 2, 2 MgCl2, 10 HEPES, 5 D-glucose, and 6 mannitol, pH 7.4. The vessels were then subjected to enzymatic digestion by sequential incubation at 30°C in two different enzyme solutions: 1) 0.5 mg/ml papain (Worthington, Lakewood, NJ) and 1 mg/ml dithioerythritol (Fluka, St. Louis, MO) for 5 min; and 2) 1.5 mg/ml type IV collagenase (Worthington) and 0.5 mg/ml elastase (Worthington) for 10 min. After digestion, the enzyme solution was washed off using ice-cold cell isolation solution, and single VSMCs were released by gently triturating the digested vessels with a fire-polished Pasteur pipette. Isolated VSMCs were maintained in low Ca 2ϩ external solution at 4°C and used within 12 h after isolation.
Reverse transcriptase polymerase chain reaction of ASIC message. Cerebral vessels (n ϭ 2 mice), brain, and cerebellum were dissected from brain surface and collected into ice-cold PBS and stored at Ϫ70°C until use. Total RNA was isolated using RNASTAT-60 (Tel-Test, Friendswood, TX), then DNase treated using TURBO DNA-free (Ambion, Austin, TX). One microgram of RNA was reverse transcribed (iScript, Bio-Rad, Hercules, CA). Three microliters of RT reaction was used for PCR amplification (IQ Supermix, Bio-Rad). Samples were amplified using Stratagene Robocycler. Oligonucleotide sequences and predicted PCR product sizes are provided in Table 1 . Samples were held at 94°C for 2 min, then cycled at 94°C for 30 s, 55°C for 30s, and 68°C for 30s, for 35 cycles, then held at 68°C for 7 min. PCR products were separated on 1% agarose. PCR products were sequenced to confirm identity (Davis Sequencing, Davis, CA).
Western blot analysis. For Western blotting experiments, cerebral vessels were isolated from mice and homogenized in 2ϫ sample buffer. Whole lysates were separated using standard SDS-PAGE electrophoresis protocols on 7.5% gels (Bio-Rad, Criterion II). Proteins were transferred to nitrocellulose membranes and probed using goat anti-ASIC1a (1:500, Santa Cruz Biochemicals), goat anti-ASIC1b (1:500, Santa Cruz), rabbit anti-ASIC2a/b (1:1,000) (15), rabbit anti-ASIC2a [1:500, mDEG1, Alpha Diagnostic International (ADI)], rabbit anti-ASIC2b (1:500, mDEG2, ADI) or goat anti-ASIC3 (1:500, Santa Cruz). For antigen blockade studies, antibodies were preincubated with antigen (10 g in 50 l PBS) overnight at 4°C, then centrifuged, before incubating with membrane. Antibody labeling was visualized using donkey anti-rabbit or -goat, IR700 or IR800 dye (1:2,000, LI-COR Biosciences, Lincoln, NE). Blots for ASIC3 were reprobed with mouse-anti-␤-actin (1:10,000, Abcam) and donkey anti-mouse IR800 to confirm equivalent protein loading. All membranes, including antibody and antibody-plus-antigen-treated membranes, were scanned using Odyssey Infrared Scanner (LI-COR Biosciences) under identical conditions.
Immunolabeling. ASIC localization was determined in dissociated cerebral VSMCs using laser-scanning confocal microscopy. VSMCs were fixed in 4% paraformaldehyde (10 min) and briefly air-dried to glass slides. Samples were blocked in 5% normal donkey serum in PBS for 1 h and were then incubated with the primary antibodies overnight at 4°C. Samples were triple-labeled with mouse anti-␣-SM actin (1:100, Sigma) and the following combinations of ASIC antibodies: 1) rabbit anti-ASIC2a/b (1:100) and goat anti-ASIC1a (1:100, Santa Cruz), 2) rabbit anti-ASIC2a/b and goat anti-ASIC1b (1:100, Santa Cruz), 3) guinea pig anti-ASIC3 (1:100, Chemicon) and goat anti-ASIC1b, and 4) guinea pig anti-ASIC3 and goat anti-ASIC1a. After rinsing, VSMCs were incubated with the appropriate secondary antibodies labeled with Alexa 488 (1:1,000, Invitrogen), Cy3 (1:200, Jackson Immunologicals), or Cy5 (1:200) . VSMC samples where the antibody was preincubated with the antigen as noted above served as negative controls. Antibody labeling was examined using a Leica TCS-SP2 confocal microscope. Imaging conditions (laser power, gain, offset, pinhole) were adjusted so fluorescence signal from the antigen control was barely visible. For ASIC1a and ASIC3 labeling, the signal fluorescence signal was only slightly above the no primary control, indicative of weak labeling. Images were prepared for publication in Adobe Photoshop CS3.
Patch-clamp recording. For patch-clamp recording, single VSMCs were plated onto the coverslip of the recording chamber at room temperature, incubated 20 min to allow for cell attachment, and used within 2 h. In some instances, cells were coincubated with collagenase (1 mg/ml) for 20 min before attachment. Only cells remaining elongated after incubation were used for analysis. Membrane current was recorded using conventional whole cell patch-clamp techniques with an Axopatch 200B amplifier (Axon Instruments) interfaced with a PC through Digidata 1440A digitizer (Axon Instruments). Data were sampled at 5 kHz and filtered at 1 kHz using a low-pass Bessel filter. pCLAMP10.0 (Axon Instruments) was used for data acquisition. Patch pipettes were pulled from FLG15 filamentous glass capillaries (Prism, Dagan) using a DMZ-Universal Puller (Zeitz Instruments). The resistances of patch pipettes used ranged from 3.0 to 6.0 M⍀. Fast capacitance transients were compensated before forming the whole cell configuration. Membrane capacitances of VSMCs used in calculating current density ranged from 10 to 15 pF. Series resistances were around 10 -15 M⍀ and were not compensated. Command voltage for the voltage-clamp mode was Ϫ40 mV. The external and internal solutions were designed to create a Cl Ϫ Nernst potential (ECl) near the command voltage to minimize the interference from the spontaneous activity of Ca 2ϩ -activated Cl Ϫ currents. The external solution used in most experiments contained the same ingredients as aforementioned cell isolation solution except for the concentration of Ca 2ϩ , which was either reduced to 0 or increased to 1.5 mM. For low pH external solutions, HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid] was replaced with MOPS [3-(N-morpholino) propanesulfonic acid]. For Na ϩ -free solutions, Na ϩ was replaced with equimolar N-methyl-D-glucamine (NMDG ϩ ). The internal (pipette) solution contained (in mM) 106 K-gluconate, 25 KCl, 4 NaCl, 1 MgCl 2, 20 MOPS, 0.1 EGTA, 4 ATP-Na2, and 0.05 GTP-Tris, with pH adjusted to 7.2 using KOH. In the control solution (pH 7.4), spontaneous current activity of cells voltage clamped at Ϫ40 mV is relatively quiescent. The pH of all acidic external solutions was monitored to ensure stability.
The entire recording chamber was continuously perfused with the normal external solution at about 2 ml/min throughout the experiments. VSMCs were perfused locally using a DAD-12 superfusion system (ALA Scientific Instruments) with control or treatment solutions continuously delivered through a 100-m quartz capillary. For all experiments except those evaluating the effect of 1.5 mM external Ca 2ϩ (Fig. 4 ), cells were maintained in 0.1 mM Ca 2ϩ and were then briefly exposed to Ca 2ϩ -free pH 7.4 external solution (15 s) before acid treatment with the 15-s low pH stimulus. For experiments using external solutions with 1.5 mM Ca 2ϩ , VSMCs were isolated under low-Ca 2ϩ conditions but transitioned into the 1.5 mM solution by slow perfusion (0.2 ml/min, for 20 min) to gradually raise Ca 2ϩ concentration in the chamber, before perfusing at 2 ml/min.
Pharmacological disruption of ASIC channels. To determine whether the H ϩ -gated currents were sensitive to the broad-spectrum ASIC channel blocker amiloride (20 M, Biomol International, Enzo Life Sciences, Plymouth Meeting, PA), VSMCs that responded to extracellular H ϩ were incubated with the amiloride for 1 min and then were retreated with extracellular H ϩ in the presence of the inhibitor. PcTx1 (100 nM, synthetic peptide, Peptide Institute, Osaka, Japan) was used to determine whether H ϩ -gated currents involved ASIC1a or ASIC1b. PcTx1 is a selective inhibitor of ASIC1a channels and an activator of ASIC1b channels (8) . Stock solutions (5 mM for amiloride, 0.1 mM for PcTx1) were prepared in water. The final pH of these solutions was less than 0.01 pH units different from their respective control.
Data analysis. Patch-clamp data were analyzed off-line using Clampfit 10 (Axon Instruments) and Origin 7.0 (OriginLab). The pH-response curve was obtained by fitting the peak current density data to the Hill equation:
where I is the peak current density, [H ϩ ]0.5 is the H ϩ concentration required to cause half of the maximal current (I max), and n is Hill coefficient. pH0.5, defined as the pH causing half of the maximal current, was then calculated from [H ϩ ]0.5. Desensitization time constants ( decay) were obtained by fitting a 0.02-s segment of trace after the peak current showing monotonic decline to a single exponential function. To facilitate curve fitting for calculating decay, noise, and transients in the raw data were minimized by the data reduction function of Clampfit with a factor of 10 and substitution of average.
All data are presented as means Ϯ SE, and n is the number of cells examined. VSMCs that failed to recover their basal current level after low pH wash-off were excluded from analysis. Data were compared using paired t-test, ANOVA, or repeated-measures ANOVA with Student-Newman-Keuls post hoc test (InStat3 GraphPad Software, La Jolla, CA) where appropriate. Statistical difference was considered significant at P Ͻ 0.05.
RESULTS
Expression of ASIC proteins in cerebral VSMCs. As shown in Fig. 1 , we detected message for ASIC1a, ASIC1b, ASIC2a, ASIC2b, and ASIC in control tissue (brain or cerebellum) and cerebral vessels. Western blotting detection of ASIC1a, ASIC1b, ASIC2a, ASIC2b, and ASIC3 is shown in Fig. 2 . Antibody labeling was diminished with antigen coincubation. Strong signals for ASIC1b and ASIC2a, but faint signals for ASIC1a, ASIC2b, and ASIC3, were detected. The presence of multiple bands was noted for all antibodies, consistent with previous studies (17) . Slower migrating bands may represent glycosylated proteins or multimers. Faster migrating bands may represent degradation products (6) . Alternatively, the additional bands may represent nonspecific products. Triple-staining of ␣-smooth muscle (SM) actin and ASIC pairs (1a/2ab, 1a/3, and 1b/3) is shown in Fig. 3 .Nearly all cells examined contained signal above the negative control (antigen ϩ antibody coincubation); however, the signal intensity varied among subunits. Labeling for ASIC1b and ASIC2a/b was strong and closely associated with ␣-SM actin, which localizes near the membrane in dissociated VSMCs. In a previous study, we described a similar localization pattern of ASIC2a and ASIC2b proteins in isolated cerebral VSMCs (15); however, labeling was stronger for ASIC2a compared with ASIC2b. Staining for ASIC1a was usually weak, with a few exceptions. A very weak and diffuse staining pattern was observed for ASIC3. The high percentage of labeling for all subunits, regardless of signal intensity, suggests a tendency for a given VSMC to express all ASIC subunits.
Inward current response to extracellular H
ϩ . To determine whether extracellular H ϩ activates inward currents in freshly isolated cerebral artery VSMCs (Fig. 4A , holding potential Ϫ40 mV, pH 7.4), single voltage-clamped VSMCs were briefly exposed to an external solution of pH 6.0. To prevent potential Ca 2ϩ entry through ASIC channels, Ca 2ϩ was temporarily removed during H ϩ exposure following the protocol shown in Fig. 4B . Two predominant patterns of H ϩ -gated currents were found, and representative traces are shown in Fig. 4, C and D. The most common pattern was characterized by a fast transient followed by slower sustained waveforms of varying magnitude and duration (Fig. 4C) ; other cells were characterized by a prominent fast transient (Fig. 4D) .
pH dependence of H ϩ -induced current in VSMCs. To determine whether current activation was dependent on extracellular . The negative membrane potential and robust BK activity also suggest that the plasma membranes were intact.
Extracellular acidosis shifts the voltage-current relationship. Since in our study cells were voltage-clamped at near E Cl (Ϫ40 mV), the charge carrier for the acid-induced inward current is likely to be Na ϩ . To address this possibility, we used a voltage ramp to examine the change in current-voltage relationship caused by extracellular H ϩ . The voltage-ramp protocol and waveform are shown in Fig. 6A . Exposure to pH 6.0 increased the slope of the whole cell current-voltage curve (Fig. 6B) , indicating more channels opening during acidosis. Exposure to pH 6.0 also shifted the whole cell reversal potential to the right. The reversal potential probably does not shift completely to ϩ60 mV because other channels, such as BK, are also activated during the voltage ramp. To compensate for this, we evaluated the net effect of H ϩ by subtracting the current response at pH 7.4 from that at pH 6.0. The net reversal potential is slightly positive (Fig. 6B) . On the basis of the external and internal solutions, the equilibrium potential of Na ϩ (E NaI ) is about ϩ60 mV while E K is around Ϫ80 mV. Thus, the rightward shift in reversal potential suggests an increase in the membrane permeability favoring Na ϩ during acidosis.
Depleting external Na ϩ abolishes acid-induced current. To further test whether Na ϩ is the major permeant ion for the acidosis-activated channels, we examined the effect of equimolar impermeant N-methyl-D-glucamine (NMDG ϩ ) replacement on the acid-induced current. Currents evoked by acidic solution with normal external [Na ϩ ] (Fig. 7A) were abolished or reduced to small transients when challenged again with the same low pH in the absence of external Na ϩ (Fig. 7B) . A quantitative analysis of these data is shown in Fig. 7C . External Na ϩ removal decreased the integral of inward current (͐⌬Idt) over the 10-s time interval during acid exposure, to 5.8 Ϯ 3.9% of control (n ϭ 6 cells). These findings suggest that Na ϩ is the predominant charge carrier of these acid-induced currents.
Broad-spectrum ASIC blocker, amiloride, and inhibition of H ϩ -gated current. To further identify the ion channels responsible for these H ϩ -gated currents, we next examined the effect of amiloride, a broad-spectrum ASIC channel blocker. Amiloride (20 M) was used as a broad-spectrum inhibitor of ASIC channels. A representative trace for amiloride inhibition of H ϩ -gated currents is shown in Fig. 8A . Cells that responded to the first pH 6.0 stimulus were washed for 3 min and then pretreated with amiloride (20 M) for 1 min before and during the second exposure to pH 6.0. The effect of amiloride on the acid-induced current response, quantified as the area under the curve (͐⌬Idt), is shown in Fig. 8B . Amiloride inhibited protongated inward currents to 16.5 Ϯ 8.7% of control (n ϭ 6). The inhibitory effect of amiloride was partially reversed after a 4-min wash (Fig. 8B) .
Effect of PcTx1 on acid-induced currents in VSMCs. PcTx1 was used to determine whether ASIC1a or ASIC1b channels mediate H ϩ -gated currents. To determine the contribution of ASIC1a and ASIC1b, VSMCs were pretreated with PcTx1 (100 nM) for 30 s and were then exposed to acid (pH 6.0, Ϯ PcTx1). PcTx1 either inhibited or potentiated H ϩ -gated currents. In other words, there were few H ϩ -gated currents that were unaffected by PcTx1 (Ͻ10%). PcTx1 inhibited [H ϩ ]-induced currents only in a small subpopulation of VSMCs (5 out of 45 cells, 11%, Fig. 9Aa ). PcTx1 enhanced acid-induced currents in nearly half the cells (19 out of 45 cells, 42%, Fig.  9Ab ). Furthermore, PcTx1 activated currents in a subpopulation of cells, which had previously failed to respond to pH 6.0 (15 out of 45 cells, 33%, Fig. 9Ad) . In VSMCs where PcTx1 enhanced or activated currents (34 out of 45 cells), PcTx1 increased peak current density 8 -9 pA/pF ( Fig. 9B ) and increased the area under the curve 50-fold (Fig. 9C ) in response to pH 6.0. The decay time constant ( decay ) was also increased twofold following preincubation with PcTx1. The potentiated response to H ϩ (observed in 3/4 of the VSMC population) and an increased decay time constant with PcTx1 suggests a role for ASIC1b (5) . The finding of a large population of ASIC1b channels was consistent with our Western blotting and immunolabeling studies.
DISCUSSION
ASIC proteins coassemble to form homo-and heteromeric cation channels, typically with Na ϩ as the major charge carrier. Most ASIC channels are gated by external H ϩ with pH between 7.2 and 4.0 and are sensitive to amiloride. ASIC1a channels are inhibited by PcTx1 and ASIC1b channels are activated by PcTx1 (3, 8, 20, 25, 28) . Previous studies support a role for ASIC channels in VSMC migration and myogenic constriction (11, 12, 15, 17) . However, which ASIC subunits are expressed in VSMC and the presence of ASIC-like currents in freshly isolated VSMCs has not been determined. The major findings of this study are that freshly dissociated cerebral VSMCs 1) express ASIC1b and ASIC2, as well as ASIC1a and ASIC3 to a lesser extent; and 2) contain H ϩ -gated inward currents carried by Na
ϩ . An amiloride-blockable rapid transient followed with or without a sustained current characterizes the current. PcTx1 inhibited a small population of currents; however, a larger population of currents was potentiated or activated by PcTx1, an activator of ASIC1b. The findings demonstrate that ASIC-like, H ϩ -gated inward currents are present in freshly dissociated cerebral artery VSMCs and the majority of the currents are likely carried by ASIC1b.
Not all VSMCs respond to extracellular H ϩ . Immunolocalization studies suggest that nearly all VSMCs express ASIC proteins. Surprisingly, only a portion of VSMCs [43% (28/65 cells) at pH 6.0] tested in this study responded to extracellular H ϩ with an inward current. There are several possible explanations for this inconsistency between protein expression and channel activity. First, the presence of H ϩ -gated currents may be dependent on VSMC heterogeneity; VSMCs were obtained from brain surface vessels, including the vertebral arteries, Fig. 6 . Current-voltage (I-V) relation changed by extracellular acidosis. A: I-V curves in pH 7.4 and pH 6.0 were acquired using a voltage-ramp protocol. Exposure to pH 6.0 increased the slope of I-V curve, indicating an increase in conductance during acidosis. The whole cell reversal potential (when I ϭ 0) is also shifted to the right toward equilibrium potential of Na ϩ (ENa). Inset A: voltage-ramp protocol and waveform used in this experiment to acquire I-V curve. B: the net effect of pH 6.0 on I-V curve is shown, which is obtained by deducting the curve at pH 7.4 from that at pH 6.0. C: statistic shows a significant shift of the whole cell reversal potential to the right (*P Ͻ 0.05). The average net reversal potential is slightly positive (n ϭ 5). basilar artery, circle of Willis, cerebellar artery, and posterior, middle, and anterior cerebral arteries and their branches. Second, there may be too few channels at the surface membrane to produce measurable currents. Third, VSMCs may have been subjected to varying extent of digestion of the surrounding matrix that may regulate channel activity (22) . Fourth, most ASIC channels may be electrically silent or desensitized under the conditions of this study. We favor the latter explanation; PcTx1 revealed H ϩ -gated currents in 71% (15/21) of the VSMCS that failed to respond to the control test pH 6.0.
Importance of extracellular calcium in ASIC channel gating. In the current study, VSMCs were initially maintained in low external Ca 2ϩ (0.1 mM) because initial attempts at raising Ca 2ϩ to 1-2 mM increased the tendency of VSMCs to contract. Contraction was undesirable because it induced cell shortening and rounding and membrane "blebbing" (14) . The use of kinase-dependent and Ca 2ϩ -channel dependent contraction inhibitors, such as PKC and myosin light chain kinase inhibitors and verapamil, were avoided because of the potential to interfere with degenerin channel function (2, 5, 24, 29) . Therefore, when these studies were initiated, reducing extracellular Ca 2ϩ was the best option. While lowering extracellular Ca 2ϩ minimized the potential interference of contraction, it also created some limitations. First, it raised a concern of whether or not currents were present under more physiological [Ca 2ϩ ]. Although the magnitude of the currents was reduced under 1.5 mM Ca 2ϩ , the H ϩ -gated currents were still present and evoked in a concentration-dependent manner. Second, reducing calcium increased the possibility of activating Ca 2ϩ store-operated nonselective cation current. However, we did not observe any current that was evoked by just removing the 0.1 mM Ca 2ϩ from solution. Even after those cells were kept in 0.1 mM Ca 2ϩ for more than 30 min, BK activity, which has been considered an indicator of Fig. 7. H ϩ -gated inward current is dependent on external Na ϩ . A: segments from a representative continuous recording, showing that removal of external Na ϩ obliterated current induced by pH 6.0. B: integration of the inward current over a 10-s time interval during acid exposure gives the amount of charge transported during that interval. The interval picked starts from 2 s before the peak current. A substantial reduction in charge movement is seen in the example shown (pC ϭ pA·s). C: the average charge movement in the absence of external Na ϩ is significantly reduced to only 5.8 Ϯ 3.9% of the control, a decrease of Ͼ94% (*P Ͻ 0.05). (1, 9, 10) and decrease the number of available channels. The slight leftward shift of the pH-response curve is consistent with mild increase in the sensitivity to acid (Fig. 5C, 6 .15 vs. 6.65 pH 0.5 ) with an increase in preconditioning extracellular Ca 2ϩ . This increase in sensitivity may reflect an increased number of channels available for opening, consistent with previous reports of the effect of Ca 2ϩ on ASIC (1, 9, 10, 19) . In contrast, extracellular Ca 2ϩ during the pH stimulus blocks H ϩ -gated current (10, 19, 23, 26, 30) . The mean peak current density was lower in the presence of 1.5 mM Ca 2 . A similar finding has been reported by others and suggests that extracellular Ca 2ϩ during activation may block ASIC channels, and hence reducing the overall conductance of the channels (10, 23, 26, 30) . Three lines of evidence suggest that the H ϩ -gated current is carried by Na ϩ . First, the conditions of the internal and external solutions favor Na ϩ movements. Second, the rightward shift of the currentvoltage relationship toward the Na ϩ equilibrium potential during acid exposure is consistent with Na ϩ as a major charge carrier. Third, replacement of external Na ϩ with impermeant NMDG abolishes H ϩ -gated currents. In a few cells, H ϩ -induced current was not completely abolished by removal of extracellular Na ϩ . Instead, a few very short pulses of transient current were observed. These current spikes could be attributed to H ϩ , which is also permeant to ASIC channels (7) . Although the concentration of protons is low, an internal pH at 7.2 the Nernst potential of H ϩ is about ϩ60 mV for an external pH of 6.0. At a holding potential of Ϫ40 mV, this may provide enough driving force to cause these short current transients.
Types of ASIC channels that may be present in cerebral VSMCs. Most studies characterizing ASIC channel properties have been conducted in heterologous expression systems where ASIC channels are expressed at high levels. In the current investigation, we evaluated the endogenous currents in native cells where the channels are probably expressed at lower levels, and the coexpression of associated proteins that may alter channel function, such as stomatins, is high. Thus it is likely that the smaller currents observed in VSMCs may be due to lower membrane expression and coexpression of negative regulatory proteins.
A limitation of the current investigation is that we cannot determine which ASIC proteins mediate H ϩ -gated currents in cerebral VSMCs with certainty. Although protein expression studies suggest that all ASIC proteins are expressed in cerebral VSMCs, specificity of the anti-ASIC antibodies may contribute to the results. However, we can get an idea of which subunits are likely to be involved based on PcTx1 sensitivity and pH activation. PcTx1 inhibition of H ϩ -gated currents in 11% of VSMCs suggests that in a small population of cells, channels are formed by ASIC1a homomers (13) . Furthermore, PcTx1 potentiation of currents in three-quarters of the VSMCs studied supports the presence of an ASIC1b channel in a large population of cerebral VSMCs. Despite the strong labeling for ASIC2 in these VSMCs, the half-maximal activation (pH 0.5 ) between 6.65 and 6.15 suggests that ASIC2 homomers are not likely involved since the pH 0.5 of ASIC2a homomeric channels is less than 5.0 (4). This finding suggests that ASIC2 is either interacting with ASIC1b to form a heteromeric channel or not contributing to channels mediating the H ϩ -gated currents. It is unclear why all VSMCs seem to have a similar pattern of ASIC subunit expression, yet express one of two major type of H ϩ -gated currents in an all or none fashion. A role for ASIC3 is difficult to ascertain since ASIC3 was barely detectable. Determining the role of specific ASIC proteins in H ϩ -gated channels from VSMCs will require the use of genetically modified animals.
Physiological significance of extracellular acidosis in activating ASIC currents: a potential role in acid-mediated vasodilation? The precise role of ASIC channels in VSMC is unclear. Previous studies suggest that ASIC channels contribute to vascular tone and VSMC migration; however, the contribution of VSMC ASIC channels in vascular responses to acidosis during ischemia, hypoxia, stroke, or vascular injury is unknown. Role of ASIC channels as direct mediators of acidmediated dilation is unlikely since activation of ASIC channels should lead to membrane depolarization and vasoconstriction. There are several potential significant speculative roles of VSMC ASIC channels. First, ASIC channels may serve as a counter-force to acid-induced dilation and prevent excessive dilation. Second, ASIC channels may play a role in modulating neurovascular coupling. Cerebral vessels receive significant innervation with synapses forming between vessels and neurons, glia, and astrocytes. Since synaptic vesicles are acidic (pH ϳ5.5), it is enticing to speculate that synaptic vesicle H ϩ release could activate ASIC channels and modulate/enhance effects of vasoconstrictor neurotransmitters/peptides (16, 18) . If such a scenario were true, overactive ASIC channels might prevent appropriate control of cerebral blood flow (functional hyperemia), a problem in Alzheimer's disease, ischemic stroke, and hypertension. On the other hand, ASIC channels may not act as H ϩ receptors; other investigators have noted that H ϩ gating may just be a coincidence and not necessarily reflect the intended function of ASIC channels (21, 27) . H ϩ ion may not be the natural ligand of these channels; it may be a substance such as a neuropeptide (21) . In these cells, PcTx1 had no effect (c) or resulted in activation of currents (d). Currents were activated (15/45) nearly twice as often as they were unaffected (6/45). Thus, PcTx1 predominantly potentiated H ϩ -gated currents in VSMCs. B: group data summarizing the effect of PcTx1 on the change in peak current density. C and D: in the VSMCs where PcTx1 enhanced or activated current, PcTx1 increased total current density relative to control (͐PcTx1pH6.0/͐controlpH6.0) (C) and delayed desensitization (decay, decay time constant) of the inward current (D).
In the current investigation, we have demonstrated the presence of ASIC-like currents in freshly isolated cerebral VSMCs. The currents are gated by external protons, carried primarily by Na ϩ and blocked by amiloride. A heterogeneous population of ASIC channels mediates the currents; most currents are carried by ASIC1b (PcTx1 activated) and a smaller population is carried by ASIC1a (PcTx1 inhibited). Future studies are required to fully understand the importance of ASIC channels in VSMC function.
